Aims: The evaluation of the local Renin-Angiotensin-Aldosterone system (RAAS) gene expressions in the heart of ovariectomized (OVX) apolipoprotein E deficient mice (ApoE). Methods: Four-months old C57BL/6 female mice (wild-type, wt, n = 20), and ApoE female mice (n = 20), were submitted to OVX or a surgical procedure without ovary removal (SHAM) and formed four groups (n = 10/ group): SHAM/wt, SHAM/ApoE, OVX/wt, and OVX/ApoE. Key findings: OVX led to greater body mass, plasma triglycerides (TG) and total cholesterol, and resulted in insulin resistance and altered RAAS gene expressions in the heart tissue. The gene expression of angiotensinconverting enzyme (ACE)-2 was lower in OVX/wt than in SHAM/wt (P = 0.0004), Mas receptor (MASr) was lower in OVX/wt compared to SHAM/wt (P < 0.0001). Also, angiotensin II receptor type 1 (AT1r) was higher in OVX/wt than in SHAM/wt (P = 0.0229), and AT2r was lower in OVX/wt than in SHAM/wt (P = 0.0121). OVX and ApoE deficiency showed interaction potentializing the insulin resistance, increasing TG levels and altering ACE and MASr gene expressions. ACE gene expression was higher in OVX/ApoE than in OVX/wt (P < 0.0001), and MASr gene expression was lower in OVX/ApoE than in OVX/wt (P < 0.0001). Significance: The impact of OVX on local RAAS cascade in the heart of ApoE deficient animals, besides the metabolic changes culminating with insulin resistance, involves an upregulation of renin, ACE, and AT1r gene expressions. The findings may contribute to clarify the mechanisms of development of postmenopausal hypertension and the link between RAAS and apolipoprotein E.
Introduction
Growth in the blood pressure usually occurs in both aging women and aging men, being much less well controlled by women, but the reasons for this gender difference is not clear [1] . One reasonable cause for this gender difference may be the estrogen deficiency due to menopause contributing to overactivity of the renin-angiotensin-aldosterone system (RAAS) involved in blood pressure regulation [2] . Another reason can be the increase in peripheral vascular resistance in menopause supporting the idea of a homeostatic pressure modulation function by ovarian hormones [3] . Gender differences in blood pressure levels in the elderly are also affected by the growth of pro-inflammatory markers in postmenopausal women, which might be relevant in the development of postmenopausal hypertension [4] . Likewise, we cannot forget the augment of body mass (BM) that commonly occurs in postmenopausal women [5] , and, as we know, there is a positive correlation between obesity and hypertension [6] .
The study of the association between hormone concentrations with the polymorphisms of various genes of menopause in women depends on the establishment of a good model not yet achieved [7] . Apolipoprotein E knockout animals, ApoE (−/−), are a strain of genetically modified mice that spontaneously develops atheromatous plaques [8] . Besides, ApoE (−/−) has a significant impact on longevity and is more likely to develop increased cholesterol products and oxidative stress that may play a role in accelerating the progression of aging [9] . However, the association between ApoE (−/−) and aging are still not fully understood [10] . On the other hand, we emphasize that ovariectomized-induced rodents are a commonly used model to research postmenopausal comorbidities [11, 12] .
The present work was proposed to investigate the RAAS component gene expressions in the heart in a model formed by the combination of two insults in female mice, ApoE (−/−) and OVX. These two insults are related to the aging process, and we would like to contribute to an analysis of the regulation of the RAAS in these animals.
Materials and methods

Animals and diet
The project was approved by the Animal Ethics Committee of the State University of Rio de Janeiro (Protocol Number CEUA/038/2015) in strict accordance with the guidelines for experimentation with animals (National Institutes of Health Publication No. 85-23, revised in 1996). All efforts were made to minimize animal suffering.
For the experiment, the wild-type (wt) C57BL6/J female mice were used as a control (n = 20) and the ApoE (−/−) female mice were used in the genetic background of the C57BL6/J (n = 20). The animals were individually housed, and have free access to food and water. The diet offered to the animals followed the American Institute of Nutrition standards for rodents, AIN 93 [13] and was manufactured by Pragsolucoes (Jau, SP, Brazil). We emphasize that the AIN93 diet supplies animals with an adequate lipid content. Therefore, it is not a diet that can enhance the atherogenic characteristics in ApoE animals. The animals were maintained in ventilated cages (NexGen system, Allentown Inc., PA, USA, 12 h/12 h dark/light cycle).
Four-month-old mice were anesthetized using 2-5% isoflurane, and then transferred to a heated platform (37°C) with 1-2% isoflurane supplied via nose cone and were randomly subjected to OVX or a surgical procedure without ovary removal (SHAM) under aseptic conditions. OVX consisted of accessing the abdomen through the ventral abdominal midline to clamp and bilaterally remove the ovaries. The uterus was left intact after the uterus horn was clamped. In the SHAM group, the animals were anesthetized, the abdominal wall was opened like the OVX mice, and the ovaries were exteriorized to create similar stress but were not removed. Therefore, four new groups were formed (n = 10 each group): SHAM wild-type group (SHAM/wt); SHAM ApoE group (SHAM/ApoE); OVX wild-type group (OVX/wt); OVX ApoE group (OVX/ApoE). The animals were maintained for an additional period of ten weeks.
Body mass and feed efficiency
BM was measured weekly. The energy intake was determined by the product of food intake (g/day) by the energy content of the diet (KJ/g diet). Food intake was measured daily, and BM was measured weekly.
Blood pressure
Systolic blood pressure (BP) was obtained in conscious mice once a week via tail-cuff plethysmography (Storage Pressure Meter model LE 5002, Panlab Harvard Apparatus, Barcelona, Spain). The animals were trained in the equipment and submitted to all restrictions for two weeks before the systolic BP has been measured to minimize stress.
Sacrifice and tissue extraction
Animals were killed at the beginning of the eleventh week after OVX. After 6 h of food deprivation, mice were deeply anesthetized (intraperitoneal sodium pentobarbital, 150 mg/kg). Cardiac puncture collected blood, and plasma was separated by centrifugation at 120g for 15 min at room temperature (stored at − 20°C). We measured the plasmatic total triglycerides (TG), and total cholesterol (TC) (automatic spectrophotometer, Bioclin, System II, Quibasa, Belo Horizonte, MG, Brazil).
We dissected and weighed the uterus and the genital fat pad of the animals (adipose tissue surrounding the ureters, bladder, and ovaries).
We removed and made a section in the valve plane of the heart for light microscopy. This part of the heart was kept in a fixative solution for 48 h (formaldehyde 4% w/v, 0.1 M phosphate buffer, pH 7.2). After embedding in Paraplast Plus (Sigma-Aldrich, St. Louis, USA), the ventricles were sectioned at a nominal thickness of five micrometers and stained with hematoxylin and eosin. Digital images of the cardiac histological sections were kept with a Nikon microscope, model 80i, and a DS-Ri1 digital camera (Nikon Instruments, Inc., New York, USA). Also, we cut several left ventricle fragments that were immediately frozen for molecular analysis.
Hormone analysis
All hormone dosages were analyzed in duplicate by commercially available enzyme-linked immunosorbent assay kits: Estradiol ELISA kit Cat #KAQ0621 with 3.9-4.6% intra-assay precision (Thermo Fisher kit, Massachusetts, USA); Rat/Mouse Insulin ELISA Kit Cat #EZRMI-13K with 0.9-8.4% intra-assay accuracy and 0.2 ng/ml sensitivity (Millipore assay kits, Darmstadt, Germany); Mouse Leptin ELISA Kit Cat #EZML-82K with 1.1-1.8% intra-assay precision and 0.05 ng/ml sensitivity (Millipore assay kits, Darmstadt, Germany); Rat/Mouse Adiponectin ELISA Kit Cat #EZMADP-60K with 3.8-8.2% intra-assay precision and 0.78 ng/ml sensitivity (Millipore assay kits, Darmstadt, Germany).
Glucose and insulin tolerance
The oral glucose tolerance test (OGTT) was performed one week before the sacrifice. The animal received one gram of glucose/kg (25% in sterile saline, 0.9% NaCl) to glucose overload. Afterward, blood was sampled from the tail vein at 0, 15, 30, 60 and 120 min, and glycemia was measured (glucometer Accu-Chek, Roche, Sao Paulo, SP, Brazil). We analyzed the area under the curve (AUC) (GraphPad Prism version 7.03 for Windows, GraphPad Software, La Jolla CA, USA).
The Homeostasis Model Assessment (HOMA)-IR, to assess the insulin resistance, was calculated with the formula: HOMA-IR = (fasting insulin mU/L × glucose mmol/L) / 22.5 [14] .
Real-time quantitative polymerase chain reaction
Total RNA was extracted from 50 mg of heart tissue using Trizol (Invitrogen, Carlsbad, CA, USA). RNA amount was determined, and one microgram of RNA was treated with DNAse I (Invitrogen). Synthesis of the complementary DNA (cDNA) was performed using Oligo primers (Invitrogen) for messenger RNA (mRNA) and Superscript III reverse transcriptase (Invitrogen). We used a Biorad CFX96 cycler and the SYBR Green mix (Invitrogen) for quantitative real-time polymerase chain reaction (RT-qPCR), and beta-actin as an endogenous control to normalize the expression of the selected genes. The polymerase-activation program was applied for 4 min at 95°C after pre-denaturation, followed by a melting curve program. Further, we calculated the relative expression ratio of mRNA, expressing the difference between the number of cycles of the target genes and the endogenous control. We analyzed the genes for renin, angiotensin-converting enzyme (ACE), ACE2, angiotensin II type 1 receptor (AT1r), angiotensin II type 2 receptor (AT2r) and Mas receptor (MASr) (Supplementary material, Table S1 ).
Statistical analysis
The data were tested for normal distribution (Shapiro-Wilk test) and equality of groups (Brown-Forsythe test) and then reported as the mean and standard deviation. The differences between groups were tested by one-way analysis of variance, ANOVA, and the post hoc test of Holm-Sidak, or by two-way ANOVA to determine the effects of OVX and ApoE (−/−). We considered a P-value < 0.05 as statistically significant (GraphPad Prism version 7.03 for Windows, GraphPad Software, La Jolla, CA, USA).
Results
Body mass and blood pressure
All groups received a control diet throughout the experiment and had no significant difference in both food and energy intake. The groups started the investigation without a statistical difference in their BM. At the end of the experiment, BM was higher in the OVX/wt group than in the SHAM/wt group (+ 7%, P = 0.03) (Fig. 1) .
The BP was higher in the OVX/wt group than in the SHAM/wt group (+ 10%, P = 0.006) and was greater in the SHAM/ApoE group than in the SHAM/wt group (+12%, P = 0.001). BP was higher in the OVX/ApoE group than in the SHAM/ApoE group (+7%, P = 0.008), in the OVX/ApoE group than in the OVX/wt group (+9%, P = 0.04) (Fig. 2) .
Uterus and genital fat pad
The mass of the uterus corrected by BM decreased in both OVX groups compared to the counterpart SHAM groups (−75%, P < 0.0001 for both comparisons).
The mass of the genital fat pad corrected by BM was only greater comparing the wild-type animals; it was higher in the OVX/wt group compared to the SHAM/wt group (+ 67%, P = 0.0048) ( Table 1 ). Table 1 summarizes the results of plasma studies.
Plasma analysis
Estradiol
Plasma levels of estradiol were diminished by 33% in the OVX/wt group compared to the SHAM/wt group (P < 0.0001) and decreased by 46% in the OVX/ApoE group compared to the SHAM/ApoE group (P = 0.0023).
Adiponectin
No significant difference was observed comparing the groups.
Insulin
No significant difference was found comparing the groups.
Leptin
Plasma levels of leptin were only different comparing the OVX groups, is lower in the OVX/ApoE group than in the OVX/wt group (− 39%, P = 0.0392).
Triglycerides
TG was elevated in the OVX/wt than in the SHAM/wt group (+ 88%, P < 0.0001), and elevate in the SHAM/ApoE group than in the SHAM/wt group (+ 288%, P < 0.0001). TG was higher in the OVX/wt group than in the OVX/ApoE group (+586%, P = 0.0004).
Total cholesterol
TC was elevated in the OVX/ApoE group compared to the SHAM/ ApoE group (+ 41%, P = 0.03), and elevated in the OVX/ApoE group compared to the OVX/wt group (+26%, P = 0.002).
Estradiol, insulin, and TC were primarily altered by OVX, while ApoE (−/−) changed leptin expression. However, there was no interaction between OVX and ApoE (−/−) to the hormonal levels. Both OVX and ApoE (−/−) had significant effects and interacted in TG levels (two-way ANOVA, Table 2 ).
Cardiac structure
We performed a myocardial study on the animals to see if ovariectomy in the ApoE deficient animals provided a detectable cardiac hypertrophy after ten weeks, compatible with the alteration in the BP of these animals. However, although an apparently thicker left ventricle was observed in the OVX/ApoE mice, we cannot confirm that a great difference was present in the cardiomyocytes or the subepicardial arterial branches (Fig. 3) . 
Glucose tolerance and insulin resistance
We observed higher AUC OGTT in the OVX/ApoE group compared to the SHAM/ApoE group (+47%, P = 0.0001), as well as in the OVX/ ApoE group than in the OVX/wt group (+46%, P = 0.0001) (Fig. 4) .
HOMA-IR was higher in the OVX/wt group than in the SHAM/wt group (+92%, P = 0.001), and higher in the SHAM/ApoE group than in the SHAM/wt group (+328%, P < 0.0001). HOMA-IR was also greater in the OVX/ApoE group than in the OVX/wt group (+114%, P < 0.0001) ( Table 1) .
Interaction between OVX and ApoE (−/−) accounts for 18.46% of the total variance (P < 0.0001). The only ApoE (−/−) accounted for 16.44% of the total variance (P < 0.0001), while OVX accounted for 60.96% of the total variance (P < 0.0001) (two-way ANOVA, Table 2 ).
RTq-PCR
Renin
Relative mRNA expression of Renin was 412% higher in the SHAM/ ApoE group when compared with the SHAM/wt group (P < 0.0001) and 212% higher in the OVX/ApoE group compared to OVX/wt group (P = 0.0001) (Fig. 5A ).
ACE
There was an increase of relative mRNA expression of ACE in the SHAM/ApoE group compared to the SHAM/wt group (+ 150%, P = 0.0007). ACE was higher in the OVX/ApoE group compared to the OVX/wt group (+237%, P < 0.0001) and compared to the SHAM/ ApoE group (+ 56%, P = 0.0012) (Fig. 5B ).
ACE2
Relative mRNA expression of ACE2 was lower in the OVX/wt group than in the SHAM/wt group (− 35%, P = 0.0004), and lower in the SHAM/ApoE group compared to the SHAM/wt group (− 29%, P = 0.0016). The OVX/ApoE group showed an ACE2 expression diminished in comparison with the OVX/wt group (−64%, P < 0.0001) and as compared with the SHAM/ApoE group (− 67%, P < 0.0001) (Fig. 6A ).
MAS receptor
We observed a reduction in the expression of the MASr in the OVX/ wt group compared to the SHAM/wt group (− 48%, P < 0.0001). Also, MASr was diminished in the SHAM/ApoE group compared to the SHAM/wt group (−87%, P < 0.0001), and lower in the OVX/ApoE group than in the OVX/wt group (− 67%, P < 0.0001) (Fig. 6B ).
AT1 receptor
We detected an improvement in the expression of the AT1r in the OVX/wt group compared to the SHAM/wt group (+ 78%, P = 0.0229). Also, AT1r was higher in the SHAM/ApoE group compared to the SHAM/wt group (+114%, P = 0.0021), and higher in the OVX/ApoE group than in the OVX/wt group (+48%, P = 0.0171) (Fig. 7A ).
AT2 receptor
There was a reduction in the expression of the AT2r in the OVX/wt group compared to the SHAM/wt group (− 35%, P = 0.0121). Also, AT2r was diminished in the SHAM/ApoE group compared to the SHAM/wt group (−60%, P = 0.0002), and lower in the OVX/ApoE group than in the OVX/wt group (− 78%, P = 0.0007) (Fig. 7B) .
The RAAS components were altered differently by OVX and ApoE (−/−) factors (two-way ANOVA, Table 2 ). OVX did not affect renin expression, which was changed by ApoE (−/−) (82.45% of the total variance, P < 0.0001). The other RAAS components were transformed by both OVX and ApoE (−/−). There was an interaction between OVX and ApoE (−/−) affecting ACE, and MASr. OVX affected ACE2 gene expression stronger than ApoE (−/−) (OVX accounted for 50.65% of total variance, P < 0.0001). ApoE (−/−) was the primary factor altering ACE, MASr, AT1r, and AT2r gene expressions. OVX and ApoE (−/−) had an interaction affecting ACE and MASr (two-way ANOVA, Table 2 ). 
Discussion
The animals in the study were concurrently exposed to OVX and ApoE (−/−). OVX primarily affected the BM gain, increased both plasma TG and TC, led to insulin resistance and altered the RAAS gene expressions (ACE, ACE2, MASr, AT1r, and AT2r). ApoE (−/−) combined with OVX potentialized the insulin resistance, augmented TG, and altered ACE and MASr gene expressions.
Studies on the effects of menopause on rodents have used two strategies: ovariectomy or elderly females [15] . Ovariectomy allows rapid and uniform estrogen deficiency in animals. The natural occurrence of estrogen deficiency in female rodents is only observed at an advanced age, nonetheless nonuniformly [16] . Very old females often have other health problems that interfere with the observation of the pure action of menopause in their organ systems. For this reason, we chose the ovariectomy model in this study.
The visceral obesity seen in postmenopausal women is accompanied by a greater BM and body fat content, as well as higher levels of TG, and insulin resistance [17, 18] . Therefore, a BM gain is a predictable consequence of postmenopausal metabolism in aging women, also observed in OVX mice [19] corroborating our findings. Interestingly, age at first childbirth has an association with hypertension in postmenopausal women apparently mediated through the BM index of age at first birth on high BP [20] . Accordingly, younger age at diagnosis of hypertension is associated with younger age at onset of menopause in women [21] .
ApoE (−/−) mouse is a known model for elevated levels of TG and TC without altering the BM of the animals [8] , while OVX is known to promote raised concentrations of hepatic TG [22] . Our findings in OVX ApoE (−/−) animals, which present both insults, agreed with these reports, as the animals showed increased TG levels in the plasma associated with the development of insulin resistance. The nonalcoholic fatty liver disease, which runs with high levels of hepatic TG, shows a close association with insulin resistance [23] . In the current study, ApoE animals were fed control diet according to AIN93 recommendations. Therefore, there was no overload of lipids (and cholesterol) in the diet, which may justify the animals not having presented significant biochemical and structural alterations in this sense, and had a relatively stable body mass.
Leptin is primarily synthesized and secreted from adipose tissue and turns in the hypothalamus reducing the food intake and enhancing the energy expenditure [24] . Obese individuals show resistance to leptin and loss of leptin suppression capacity of insulin secretion, contributing to the development of hyperinsulinemia and insulin resistance [25] . Therefore, there is a direct relationship between the amount of adipose tissue and leptin concentrations, so an increase in fat reserves usually . Oral Glucose Tolerance Test (mean ± SD, n = at least 5 each group). A -blood glucose evolution, B -area under the curve. Differences were tested with one-way ANOVA and posthoc test of Holm-Sidak (***P < 0.0001). Groups: ApoE, ApoE (−/−); OVX, ovariectomy; wt, wildtype.
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Life Sciences 191 (2017) [1] [2] [3] [4] [5] [6] [7] [8] leads to a concomitant increase of leptin in the blood [26] . The mechanism that led to the resistance to leptin is not entirely understood, but a failure in leptin signaling or its transport to the hypothalamus, or a post-receptor defect is an acceptable tip [27] . Moreover, studies have shown that leptin regulates ApoE gene expression being also possible that ApoE (−/−) may help mediate leptin's action [28] . Our findings support these reports since OVX in ApoE (−/−) animals led to lower leptin levels than OVX in wild-type animals.
The literature has various reports associating the upregulation of RAAS accelerating and aggravating the appearance of atherosclerosis in the arteries of the apolipoprotein E deficient animals, which was the initial question of the present study (relating menopause to RAAS in ApoE deficient females) [29, 30] . Besides, there are differential effects of estrogens and androgens on the expression and activity of the components of the RAAS [31] . We already commented that BP augments in the postmenopausal time [5] , and a greater BM corresponds with a higher BP as anti-obesity medications may result in lowering of BP [6] . ACE/ACE2 and AT1/AT2 receptor genes are regulated by 17beta-estradiol, as well as the Estrogen receptor (ER) alpha is a key regulator of kidney ACE2, AT1r, and AT2r genes [32] . Moreover, estrogen replacement therapy reduces the BP levels after the BP rise in the postmenopausal women, in a clear indication that ovarian, and above all the estrogen insufficiency, is responsible for the accelerated increase in BP after menopause [3] .
It is a limitation of the study the lack of complementarity of the gene expressions with the protein expressions, although it has been done by other studies in similar cases when the organs are tiny, and there is an ethics limitation in increasing the sample size [33, 34] .
Estrogen treatment to OVX rats was found cardioprotector because of the associated reduction in BP variability and vascular sympathetic drive [35] . Also, estradiol and progesterone treatment may inhibit arterial inflammation by regulating ER beta-related signaling pathways in OVX ApoE (−/−) mice [36] . Our results demonstrated that ApoE (−/−) augmented the gene expression of renin, ACE, and AT1r, but diminished the gene expression of MASr and AT2r. Therefore, we share with the idea of the RAAS genes would be indicated to help as a different marker for predicting the development of primary ovarian insufficiency as the RAAS polymorphisms and the prevalence of primary ovarian insufficiency are close [37] .
OVX increases constrictor responses to Ang II and decreases dilatory responses to Ang-(1-7) [38] . The increased local uterine Ang-(1-7) may be due to an altered uterine prostaglandin environmental [39] . Our findings demonstrated an overall effect of OVX in reducing the gene expressions of ACE2, MASr, and AT2r, but increasing the gene expression of AT1r, which leads us to endorse the use of AT1r blockers (or drugs like direct ACE inhibitors) to lower BP in postmenopausal women with hypertension [40] . We should also consider that ACE inhibition has protective effects in reducing food intake and BM gain (common problems in postmenopausal women) enhances ACE2/Ang (1-7)/MASr axis and adiponectin levels [41] . However, as mentioned, other mechanisms besides activation of the RAAS may be likely involved in postmenopausal hypertension and are still to be unveiled [42, 43] .
Conclusion
In summary, we have shown here, besides the metabolic changes culminating with insulin resistance, the impact of OVX on the local RAAS cascade expression in the heart of ApoE (−/−) mice, which is characterized by upregulation of renin, ACE, and AT1r gene expressions, and by downregulation of AT2r, ACE2 and MASr gene expressions. Thus, our results may contribute to clarify the mechanisms of development of postmenopausal hypertension and the link between RAAS and the apolipoprotein E.
Supplementary data to this article can be found online at https:// doi.org/10.1016/j.lfs.2017.10.002.
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